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ABSTRACT

Measuring the pressure of non-planar stress waves using thin piezo-
resistive gages requires correcting for induced strain parallel to the
sensing elements. A technique has been developed that permits such
measurements, making use of a dual element gage. Ooe element, Manganin~
is sensitive tG stress both parallel and perpendicular to the sensing
element; the other element, Constantan, is primarily sensitive to stressI
parallel to the sensing element. The change in resistance In the
Constantan element Is thereby used to correct for the strain effect
parallel to the Manganin element axis.

Individual and combined Manganln and Constantan elements were
subjected to controlled gas gun impzct tests in the pressure and strain
ranges of 0-50 kbar and O-7%, respectively. From planar wave tests, the
plezoresistivlty of Constantan was found to be positive but negligible iq
comparison with Manganin. Frcnncombined stress and strain environments,
the compression and tensiorlstrain facto?s of Constantan were found to be
constant and equal to 2.06. The strain factors of Manganin were found tc
increase from 1.2 to ?.0 asymptotically in the range of O to 3% strain.

It was expsrlmentally demorlstratedthat, because of the closeness of
their strain factors, the Manganin-Constantan dual element gage could be
used in the differential recording mode to yield pressure directly. In
this rmde the gage Is a strain compensating gage, Analytical techniques
have also been developed for more accurate strain compensation.
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I. IN1ROOUCTION

We often need to measure the pressure generated by small projectiles
as they pent+.ratec~plex structures. Small projectiles in complex
structures intlerentlycause nonplanar pressure waves, and nonplanarity
causes severe problems in pressure measuraents.

Thin carbon, ytterbium, and Manganin gages have been used success-
fully to measure planar waves. In planar measurements, the gage element
is placed normal to the Incident stress wave. The stress wave compresses
the gage norma”lto its face, changing the gage material resistivity and
the resistance of the gage. This change In resistivlty has been well
establlshd and can be used to determine the amplitude of the stress wave.

Nonplanar waves add another dimension to the problem. The nonplanar
wave compresses the gage normal to its face and compresses or stretches
the gage parallel to its face. The gage respotldsto this second dis-
tortion as would a strain gage. The resistance of the gage is chimged by
both types of distortion. In nonplanar stress wave rneasurer~ents,the
str?,lncomponent must be unfolded from the total resistance change to ~
determine the resistance change caused by only the stress perpendicular ‘
to the gage face,

Nonplanar measurements have been made in the past. The simplest
technique Is to place a Ccmstantan strain gage near the pressure sensing
element and measure the strain. The resistance change of the Constantan
strain gage Is subtracted from the resistance change of the pressure
sensing element to give the resistance change caused by pressure. One
problan with thl$ technique is that it assumes that the pressure sensing
element has the same strain gage factor ds Constantan.

A morn snph{sticated technique was developed by Dynasen, Inc., for
Lockheed.~ lhey developed a gage consisting of two elements, ytterbium
and Lohm (94% copper and 6% nickel), They found Lohrnto have practically
no pressure sensitivity and a strain :ensltlvlty equal In amplitude but
opposite In sign to ytterbium. By combining a 25-Q ytterbium elment In
series w~th a 25-Q Lohm element, rtrain #as Intrinsically cancel!ed.
Any charigeIn resistance W8S due to the pressure sensitivity of the
ytterbium element, The problenlwith this gage IS the limited pressure
range that it covers,

For our requirements, Manganin appeared to be more useful than
ytterbium because of its greater pressure capacity. To develnp a
Manganln compensated gage, we measured the piezoreslstlvity and strain
factors of Manganln and Constantan foils over a w!de range of combined
pressures and strains and developed manufacturing procedures for super-
imposed ai]dinterlaced gage combinations as shown in Fig, 1.
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11. PRESSURE-STRAIN ANALYSIS

It is first useful to determine mathematically how pressure and
strain ccmbine to affect the resistance of a gage element. The resis-
tance of a piezoresistive gage is a function of its length and the sur-
rounding pressure.

R =R(P,L)

The clmge of resistance when the length and pressure change is:

dR = (~R/~P)dP + (aR/aL)dL.

Over a limited pressure and strain
given by:

2R/aP = aR andaR/aL = GF(R/L)

(1)

range the partial derivatives are

where a is the piezoresistivity of the qage and GF is the strain gage
factor. Substituting these into Eq. (1)’gives:

dR,~ = adP + GF(dL/L).

integrating this equation gives

ln(R/Ro) = aAp + GFln (L/Lo).

This can be solved forAp.

Ap s (l/a) in
[ WGF]

or

AP = (l/a) in
[~G~M

For smallAL/L

[

Ap . (]/a) in 1 +AR/Ro 1Hq?mno) ,

For Manganln, a = 0.00218 kbar-l reproduces the known resists ce change
iversus pressure curve very well. For carbon, a = 0.035 kbar- repro-

duces the curve fairly well. Using the gage factor measured in this
program, the ~,ressurecan be determined by measuring the strain with a
L’onstantangage and the total resistance change of the pressure sensing
element.
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In practfce we define an effective resistance change of the gage
caused only by the pressure component.

()AR
T p effective ‘~-l.

Instead of using the natural logarltlnnof this function, we use the
calibration curve for Manganin or carbon to determine the strain-cor-
rected pressure.

For small strain this equation can be approximated by

()h <)AR
()
AL “

~ p effect1ve ~ otal - ‘F G&

The difference between the more exact equation and this approximation
defirlesthe amount of error introduced when direct subtraction schemes
are used. This amount of error is often tolerable.

111. GAGE TESTING PROGRAM

Figure 2 shows the four main experimental arrangemnzs we used in
this program. Arrangements A, B, and C were tested with the Dynasen
63.5-nrn-diamgas gun operating at approximately 100 microns Hg. Arrange-
ment D was tested with a .22-cal. rifle at atmospheric pressure. The
projectile velocities were measured within 1% deviation using an electri-
cal contact probe technique and time interval counters.

A. Piezort,istivity Tests

I?ynasenmeasured the piezoresistivity of Manganin and Constantan
toils with arrangement A. Three Manganin and three Constantan gages were
mounted !n the center of a target and subjected to a quasi-rectangular
plane stress wave induced by the symmetrical impact of a free-rear-
surface, projectile-mounted flyer disk. The targets and flyers were
6061-T6 aluninum, brass, and tantalum. The pressure ranged from O to
200 kbars. The pressure is obtained from the Hugoniot of the material
and the particle velocity. Irlthe case of synwnetricalimpact and similar
target and flyer materials, the p~rticle v~locity Ic one half the impact
velocity. The Hugoniots of materials used in these tests are shown in
Fig. 3, The results of the piezoresistivity tests are shown in Fig. 4.
The piezoresistivlty of Constantan is positive, but its amplitude is
practically negligible compared with Manganin.

B. Compression Strain Tests

The arrangement B in Fig, 2 was used to induce combined states fif
stress and strain on Manganin and Constantan elements. The targets were
made by stretchlrg six gages at 15°, 30°, 45°, 60°, 75°, and 90° with
re~pect to the impact face and filling them with a slow-curing epoxy,
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The epoxy resin used was Hysol 2038, and the curing agent was HDO099.
The Hugoniot of this epoxy, shown in Fig. 3, is close enough to the
Hugoniot of Plexiglas that Plexiglas flyers were used to produce sym-
metrical impacts.

The technique consisted of imposinq a sufficiently long quasi-
rectangular plane wave upon the epoxy target that each gage was totally
engulfed by the wave for at least several microseconds. The plane wave
produces a component of ccnnpressivestress acting normal and parallel to
each element. The component parallel to the element compressively
strains the element. The change of resistance of the gage can be calcu-
lated knowing the material Hugoniot, the material density, the flyer
plate velocity, the gage angle, Poisson’s ra~io, and the strain factor of
the ga~z. Conversely, by measuring the change of resistance, the com-
pressive stra~n gage factor was calculated from these tests. Figure 5
shows six oscillograph traces from these tests. Only in the first trace
is the pressure ccrrtponentgreater than the strain compone~t. In the
other traces, the strain component Is greater prcd!lclnga negative out-
put. Figure 6 summarizes the results from the compressive strain tests
for Manganin and Constantan. The Manganin strain fac’corvaries between O
and 4% strain. The Constantan strain factor appears to be unaffected by
the pressure field.

c. Tension Tests

We used arrangement C shown in Fig. 2 to measure the state of com-
bined stress and tensile strain. Carbon, Manganln, and Constantan
elements were imbedded near the outside radius of c,yllndricalPlexiglas
and alumlnum targets. When the flyer struck the target, a stress wave
was transmitted through the target, applying a stress normal to the gage.
The target then expanded radially as relltf waves formed, strainlmj the
gages. The strain was masured wlLh the Constantan gage, and the pres-
sure with the carbon gage. The strain sensitivity of carbon and Manganln
are comparable, but the pressure sensitivity of carbon Is almost ?0 times
greater than Manganin, Tt,isdifference In pressure sensitivity makes the
relative strain error introduced in the carbon gage much smaller than In
a Manganin gage, and easier to correct. Knowing the pressure cnd the
piezoreslstivity of Manganln, the pressure component of the mtput can be
unfolded, leaving only the strain output. The strain component and the
measured strain were then used to cal~ulate the strain gage factor for
Manganin. Figure 7 shows six oscillograph traces from these tests. The
upper two tr~ces are from carbon elements that undergo the greatest
chanye of resistance. The center two traces are from Manganin elements.
The first step in the Manganin record Is due to the pressure wave; the
later slope is due to strain. The lower two traces are from Constantan
elements that respond only to the strain. The tensile strain results are
summarized in Fig, 8. The dots are the experimental data points from the
various tension tests; the solid curves follow the mean values of the
experimental points. Th~ ~ension data vary over a considerable range at
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low strain where the measurement is very sensitive to small errors In
strain. At higher strain values the data spread is much less. The mean
of the tension data follows the compressive data curve well, and it
appears that the strain factor of Manganin is the same in compression and
tension.

D. Effect of Pressure on the Tensile Strain Factor of Constantan

We made two tests to measure the tensile strain factor of Constantan
in a pressure field to determine whether Constantan could be used under
pressure to measure strain in the tension tests. To check the pressure
effect, Dynasen developed two new gages. These gages were designed to
measure radial strain close to the cylindrical surface and at the surface
on cylindrical targets. Figure 9 illustrates the target, flyer plate,
and gage types.

The internal gage is subjected to the shock pressure shortly after
the projectile strikes the front surface of the target, Relief waves
then form and the target expands radially. The radial expansion produces
nearly equal striiinon the internal and external gage. If the Constantan
strain factor is pressure Independent, the two strain measurements would
be identical, Actually, the external gage is on a radius 5% larger than
the internal gaqe so a slightly larger signal was expected from the
external gage.

Three internal-externalpairs of gages were placed in two targets,
making six comparisons possible. Of the SIX pairs, three of the data
records terminated before maningful data were obtained, Figure iO shows
the other three pairs of osclllograph traces. The trace for the internal
gage number 1 is almost identical to the trace for the external gage
nmber 2 on both shots, The traces for gages 3 and 4 on shot 24 are not
as close. To analyze these data, we redrew the traces on transparent
graph paper and placed the trace from the in,~ergage over the trace for
the outer gage, We shifted the zero time for the Inner trace to match
the outer trace, The shift was necessary because the expansion occurs at
slightly different times for the two gages. We also appllecia 5X cor-
rection for the difference in radius at which each gage WAS located and a
correction for a slight difference In amplification of the two gage out-
puts.

The strains miisured on gages 1 and 2 In both shots were very closi.
The ratio of stri~lnmeasured internal to external was 1,1 for shot 23 and
1.0 for shot 24. It was not.so close for gage J and 4; the Internal to
external ratio for giqes 3 and 4 was 1.3. This larger ratio could li~ve
been caused by some slippage in the outer gage. We believe that gages 1
and 2 more accurately represent the real case and th~t the strnin factor
of Constantan IS nearly Indepench?ntof pruisure as tound in the compres-
sive strdin tests.
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B. Differential Recording

It is often burdensome to record two signals, Manganln and Constan-
tan, to make a pressure measurement. Twice as many recording channels
are required as for a single pressure measurement, and the data must be
manipul~ted following the test to obtain the strain-corrected pressure.
Initially, we hoped that the strain factor of Mar.ganinwould be close to
that of Consrantan, 2.0, to simplify the strain correction and allow a
real-time correction to be made. The gage factor appears not to be
constant but to vary from 1.2 to 2.0 over the range from O to 3% strain.
It is still appealing to subtract the strain from the pressure In the
recording process. As shown in the last secticm, correcting for strain
is actually more complicated than simply subtracting the Constantan out-
put from the Manganin output, but for many tests this method would be
adequate.

We made four tests where the Constantan gage output was subtracted
directly frcinthe Manganin gage output using differential inputs to the
recording oscilloscopes. Cjod results were obtained on three of these
tests. At early t’mes the wrong gage factor Is used, but the strain
contribution is small so the resulting error is small, At later times ~
when the strain Is large, the gage factor of Manganin approaches that of
Constantan so the correction is not bad, The Manganin minus Constantan,
Constantan, and carbon traces for one of the shots are shown in Fig. 11.
Table I summarizes the results from these tests, The Manganin differen-
tial pressure measurement follows the strain-correctedcarbon pressure
measurement very well. From these data the differential technique
appears to be a viable technique LO use for Manganin strain correction.

c, Frequency Response

The O.1-mn-thick combination gage is capable of measuring planar
stress waves with an approximate rise time of 50 ns. For nonplanar or
obliquely Incident measurements, we do not approach this capability. We
are limited by the area of the gage face; our gages are typically 5 nvnon
~ side. A nonplanar or obliquely incident wave subjects different
portions of the gage to different pressures. The gage output is a
function of the average pressure over the gage. For example, a plane
shock front traveling parallel to the gage face dt 8 mm/~s takes 0.6ps
to traverse the gage. Stress waves traveling at lesser angles take less
time; stress waves traveling at lower velocities take more time, This
effect needs to be considered when looking at the rise time of a stress
wave.
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Fig, li, KC resentatlve differential and direct outputs of gages
Bsu jccted to combined stressasand strains.
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COMPARISOti OF

S hct Calculated Peak
Nunber Pressure (kDar)

20 ~~.5

22 41.5

TABLE1

DIFFERENTIALHAN(MNIRMEASUREMENTUITH STRAIN CCRRECTED UWBON MEASUREMENT

Time After Peak Measured*
Pressure (~) W!UzL

0.0 0. 1/0.1
2.0 1.0/1.1

2.0/2.0
;:: 3.1/3.1

0.0 0.3/0.0
0.5

:::
2.4
3.4

0.0
0.7
1.3
2.0

i.1/O.3
2.0/1.2
3.1/2.4
4.1/3.6
5.0/4.6

0.2/0.2
0.7/1.0
1.6/2.0
- /3.2

Experinmtal Carbon* Experimental Manganin*
Pressure (kbar) Pressure (kbar)

23.4/21.4 17.5/17.4
11.5/ 9.7 12.3/10.4

5.8/ 5.7 6.6/ 6.5
1.8/ 2.5 1.3/3.0

31.1/32.4 26.4/26.3
23.8/28.5
15.1/18.4
8.6/0.8
5.7/4.7
2.9/ 1.4

35.1/41.2
33.1/34.6
28.2/24.0
13.2/ -

22.1/?2.9
16.2/16.4
11.4/11.0
7.6/6.?
5.0/ 3.0

44.8/43.8
40.2/35.2
31.2/25.6
20.7/17.3

* Data ~re recorded at two locations, A and B. Oata from location A precede data from location B.
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Iv. SUMMARY

A useful gage has been developed for measuring presslureof nonplanar
or obliquely incident stress waves. The measurements made with these
gages are not as precise as direct strain gage measurements, but are very
good considering the conditions under which these gages are used. These
gages have been used In several field tests with good rewlts. Mar~ganin-
Constantan combination gages were used at the same locations as carbon
gages, and the similarity of the results in the r::ngecovered by the car-
bon gages was encouraging. We now feel a need to further develop our
~billty to masure nonplanar stress waves fn the 0-10 kbar range. Carbon
or ytterbium will probably be chosen for the sensing element.



WX-11-V-R1-161 -22- July 23, 1981

ACKNOWLEDGMENTS

The authors would llke to thank Dr. G. R. Fowles of Washington State
University for his contribution to the phenunenolugical modeling used in
the compressive straio tests. We would like to thank Dr. T. R. King and
Dr. B. P. Shafer for their contributions to the mathematical strain
compensation procedure. We would also like to thank R. J. DeWitt who
wrote the ccrnputercodes that we I“ ‘ to analyze the experimental data
and Mary Ann Lewis who did much Inalysisn



WX”ll-V-81-161 -23- July 23, 1981

REFERENCES

1. “Strain-CompensatedStress Gage Development Final Report,n
Lockheed Missiles and Space Co. Repoti,LMSC-D506298,July 1976.

2. J. A. Charest,“Developmentof a Strain-CompensatedShock
FressureGage,”Dynasen,Inc.,Report,February1979.

,,


